In our studies montmorillonite (MMT) was used as the heterogeneous, natural catalyst. This material was previously prepared by bentonite purifi cation with help of the sedimentation method. The obtained catalyst was characterized by: XRD, SEM, BET and EDX. Catalytic tests with montmorillonite as the catalyst were performed with the natural terpene -R-(+)-limonene. This compound was oxidized with hydrogen peroxide and, moreover, in the separate process it was also isomerized. As the main products of limonene oxidation were detected: (1,2-8,9)-diepoxide, perillyl alcohol, carvone, carveol, 1,2-epoxylimonene and 1,2-epoxylimonene diol. In the isomerization of R-(+)-limonene were formed: terpinenes, terpinolene and p-cymene. Conversions of limonene in these processes reached 70-80%. The application of montmorillonite (the natural of origin) in the studied processes (oxidation and isomerization) is environmentally friendly, it allows to reduce the cost of the studied processes. The resulting products of the processes of oxidation and isomerization of R-(+)-limonene have many applications.
INTRODUCTION
Montmorillonite (MMT) is a volcanic mineral with a density ranging between 1.9-2.7 g/cm³. It is a clay material included in the bentonite rock discovered in the mid-19th century in Montmorillon, France. Also in Poland bentonite rocks are present. MMT is a basic constituent of bentonites (55-70%), kaolinite (10-21%), feldspar (10-16%) and silica (1-2%). The general chemical formula of MMT can be written as follows [1] [2] [3] : M x (Al 4-x Mg x )Si 8 O 20 (OH) 4 where: M -cation of metal; x -0.5÷1.3.
Montmorillonite is a layered aluminosilicate with a lamellar structure (lamellar is composed of three layers: two outer tetrahedral, comprising between them octahedral layer). The thickness of the MMT plate amounts to 0.96 nm, the remaining dimensions are in the range of 200 to 1000 nm, while the number of packages per unit of crystallographic cell varies from several to several thousand. It depends on external factors, among which we distinguish the type of layered mineral, the origin of its creation, the geological environment in which it was formed, and the mechanical forces acting on its particles. Between layers are located cations of metals, mainly sodium (Na + ) or calcium (Ca 2+ ) and water molecules. Because of interstitial cations that have "loose" character, sodium montmorillonite (Na MMT) and calcium montmorillonite (Ca MMT) are distinguished. Figure 1 shows the layered structure of MMT.
Montmorillonite is a highly hydrophilic mineral used as nanofi ller [1] [2] [3] [4] [5] . Due to the availability and low price, montmorillonite has been widely used in food, ceramic, rubber, paper, pharmaceutical, chemical and metallurgical industries. It is used as a thickener in emulsions, for the clarifi cation of beverages, in production of mineral fertilizers, drilling rigs, and for the reclamation of areas contaminated with heavy metals. Montmorillonites are used in various industries as catalysts or catalyst carriers. Raw bentonites can also serve as adsorbents, such as decolorizers, fi ltering systems, ion exchangers or they can be used as drilling fl uids. In the form of a granular fi lter, montmorillonite is used for the purifi cation and decolorization of drinking water, mineral and vegetable oils, as well as wines and other beverages 4, 6-8 . Montmorillonite clays were generally the most popular catalysts for pinenes isomerization process, although kaolinite clay was also successfully used for this purpose. Preliminary acid treatment of clays had a considerable effect on the conversion of pinenes. But the concentration of acid used 9-11 and the temperature of acid treatment 12 , had a large impact on the ratio of the products received. The data about the dependence of the catalytic activity of acidic clays and isomerization selectivity on the nature of acid centers indicated that the transformations of pinenes to camphene occurred predominantly on the Bronsted acid centers 13-14 . Application of montmorillonite clays as catalysts in terpenoids transformations leads to improved known process and often to reaction routes other than those that occurred in presence of traditional acid catalysts. This opens new prospects for the application of re- newable plant raw material in fi ne organic chemistry. Studies of the effects of the exchange cations on the isomerization of α-pinene oxide showed that montmorillonite clays containing Fe 3+ cations exhibited the highest activity 15 . Isomerization of α-pinene in the presence of acid-treated polycation exchanged montmorillonite clay leds to a considerably increase in yield of camphene in comparison with the yield of this compound in the presence of non-polycation-exchanged equivalents 16 . Investigation on of the applicability of montmorillonite clays containing organic cations like: tetramethylammonium, dodecyltrimethylammonium and octadecyltrimethylammonium cations as exchange cations in isomerization of α-pinene revealed that only organoclays pretreated with acid possessed high catalytic activity 17. Alumina pillared clays demonstrated a good activity and high selectivity with respect to camphene 18 . The selectivity over the best catalysts based on clays in isomerization of α-pinene generally amounted to 40-65% with respect to camphene and 15-40% with respect to limonene, while conversion of α-pinene was 70-90%. Another interesting process, where montmorillonite clay K-10 was used, was process of isocembreol isomerization in allyl alcohol 19 . In this method were obtained tetradecahydrophenanthrenes with good yields. Process of α-pinene isomerization to camphene 20 was also performed over Fe-and Cr-containing clinoptilolite catalysts. The process of verbeneol and verbeneol epoxide isomerization was studied with montmorillonite clay 21 . As catalysts were used acid treated montmorillonite and askanite-bentonite clay. This process demonstrated the possibility of complex intramolecular transformations of natural compounds in the presence of natural acidic clays with preservation of optical activity. Almost all these transformations can only occur on clay and do not proceed on traditional acid catalysts. Another process, where askanite-bentonite was used as the catalyst, was transformations of myrtenal epoxide 22 . This method showed good results in lower temperatures (0-20 o C) and it allowed to obtain: cumin aldehyde and cuminal, which are components of many essential oils, and they also exhibit biological activity.
Application of MMT and others natural materials for the catalytic reactions proved some fruitful approaches. These catalytic processes have many advantages such as no acid wastes, possibility of easy regeneration and recycling of heterogeneous catalyst. The transformations of terpenoids in the presence of clays are generally stereoselective processes.
R-(+)-limonene (4-isopropenyl-1-methylcyclohexene) is colorless or yellow liquid with the molar mass of 136.23 g/mol and with characteristic citrus scent. Limonene thanks to the presence of the chiral center on the fourth carbon atom in the cyclic ring occurs in nature in the form of two isomers (Fig. 2) or also in the form of racemic mixture. 3 and good solubility in methyl alcohol, ethanol, acetone and benzene. R-(+)-limonene in the Code of Federal Regulations is generally recognized as safe (GRAS) fl avoring agent and can be found in common food items such as fruit juices, soft drinks, baked goods, ice creams, and puddings. On an industrial scale R-(+)-limonene is produced in an amount of 73 000 tons/year. The main source of this compound are orange peels, which are a waste from the industry producing fruit juices. The content of R-limonene in orange oils obtained from orange peels is very high and amounts to above 97%. On the other hand, R-(+)-limonene has many applications as a base for synthesis of its oxygenated derivatives (1,2-epoxylimonene, carvone, carveol, and perillyl alcohol). R-(+)-limonene has been used in the epoxidation with hydrogen peroxide and t-butyl hydroperoxide over titanium-silicate catalysts
23-25
. Another application of this compound is catalytic asymmetric epoxidation of limonene using homogenic manganese Schiff-base complexes immobilized in ionic liquids
26
. Next very interesting oxidation process of R-(+)-limonene is clean process of obtaining of derivatives of limonene starting from orange oil 27 . In this method as the catalyst palladium supported on copper-magnesium-aluminum hydrotalcite was used. This catalyst shared high catalytic activity in this process. Figure 3 presents the ways the of R-(+)-limonene transformation by 1) oxidation with hydrogen peroxide and by 2) isomerization. In those two processes, very important compounds having a lot of applications can be obtained.
Carvone and carveol are used as mosquito repellents. Moreover, they are used in food and fl avor industries. R-(−)-carvone is also used for air freshening products and, like many essential oils, oils containing carvones are used in aromatherapy and in alternative medicine 28 . Next product of oxidation of R-(+)-limonene is perillyl alcohol. This compound is very important because it may be used as an ingredient in cleaning products and cosmetics, and as a potential drug for treatment people with brain cancer 29 . Epoxidation products: 1,2-epoxylimonene and 8,9-epoxylimonene were used as monomers for synthesis of "smelling polymers"
30-31
. On the other hand, products of R-(+)-limonene oxidation: carvone, carveol and perillyl alcohol were used as components of perfumes and fl avoring agents used in the cosmetics and food industry.
The products of isomerization of R-(+)-limonene have also important applications. Terpinenes are used as fragrant and fl avoring agents in the cosmetic and food industry, and also in pharmaceutical and electronic industry. P-cymene is an important product and valuable intermediate in the chemical industry. Among other applications, p-cymene was used as a solvent for dyes and varnishes, as a heat transfer medium, as an additive in fragrances and musk perfumes, and for masking odor of industrial products
32
. However, the main use of p-cymene is its transformation to p-cresol. Now, p-cresol is mainly produced via the alkylation of toluene with propylene, followed by oxidation and hydroperoxide cleavage 32 . The aim of this work were the studies on the environmentally friendly process of the catalytic oxidation of R-(+)-limonene with H 2 O 2, and separately, on the isomerization of R-(+)-limonene. Sodium montmorillonite which was used as heterogeneous catalyst is cheap, and natural origin volcanic material. Limonene was received from biomass (orange peels) which are originated from production of juice fruits. The processes of R-(+)-limonene oxidation and isomerization over montmorillonite are an example of new directions in organic technology. It is very important to establish the best conditions of conducing these two processes, considering applications products of R-(+)-limonene oxidation and isomerization. This work presents the preliminary studies on R-(+)--limonene oxidation and isomerization processes. Such studies have not yet been presented in the literature.
EXPERIMENTAL

Material
The following raw materials were used for the studies: R-(+)-limonene (98%), water solution of hydrogen peroxide (60 wt%, POCH), and sodium montmorillonite prepared from bentonite (technical grade, Zębiec S.A. Zębiec) according the method presented below.
The preparation of the sodium montmorillonite
To a beaker with the capacity of 2000 cm 3 containing 900 g of distilled water 100 g of bentonite was added and obtained mixture was stirred for 30 minutes to give a homogeneous mixture. The 10% dispersion of bentonite in water was introduced into the centrifuge (Sigma 6K15) and it was centrifuged for 10 min at 3000 rpm. The dispersion was then removed from the precipitate and dried until the water evaporated. Dry montmorillonite was then grinding. Figure 4 presents scheme of the purifi cation of bentonite to montmorillonite catalyst. 
Characterization of montmorillonite
The XRD scans were carried out on a PANalytical X-ray Empyrean diffractometer using Cu Kα radiation. The spectra were analyzed using X'Pert HighStore diffraction software.
The surface area, total pore volume and micropore volume were determined by nitrogen adsorption at 77 K. The measurements were performed via the Surface Area & Pore Size Analyzer Quadrasorb evo provided by Quantachrome Instruments. Data were collected from a relative pressure (p/p 0 ) range of 0.002 to 0.99.
Scanning electron microscopy images were obtained using ultrahigh resolution fi eld emission scanning electron 
RESULTS AND DISCUSSION
Characteristic of montmorillonite catalyst
EDX spectra of the MMT catalyst is presented in Figure 5 . microscope (UHR FE-SEM Hitachi SU8020). Energy dispersive X-rays (EDX) spectra were collected and analyzed on NSS 3.0 software. Samples for SEM/EDX analysis were attached on an aluminum sample holder using a double-stick electrically conductive carbon tape.
Isolation of R-(+)-limonene
R-(+)-limonene, used for the processes of oxidation and isomerization, was obtained by the simply distillation. To the three-necked fl ask with the capacity of 500 cm 3 , equipped with a heating coil, a dropping funnel and a condenser were introduced previously cut orange peels. Then, water was added to the fl ask. The orange oil distillation was continued until the increase in the amount of the organic phase in the distillate was observed. In the last step, the obtained distillate was subjected to cold treatment to remove water from the product. The resulting product was examined by the coulombmetric Karl-Fisher method (water content) and also its purity was checked by the gas chromatography method.
Catalytic tests
Oxidation C, the content of the montmorillonite (catalyst) 15 wt% and the intensity of stirring 500 rpm. The samples for the quantitative analyses were taken after 5h of reaction performing. The isomerization was performed in the glass reactor with the capacity of 25 cm 3 , equipped with the magnetic stirrer and the condenser. Quantitative analysis was done with a Thermo Electron FOCUS chromatograph equipped with an FID detector and a TR FAME column (fi lled The elemental composition of sample determined by EDX was presented in Table 1 .
The specifi c crystalline phases present in the samples were indicated by labelling the major peaks in Figure  6 . Results of the XRD measurements indicated presence of montmorillonite and more specifi cally Ca 0.2 (Al, Mg) 2 Si 4 O 10 (OH) 2 • 4H 2 O (JCPDS: 13-0135) as the main phase. No phase containing Fe and Na was observed. Figure 10 shows reactions of R-(+)-limonene which proceeded during the oxidation with hydrogen peroxide over sodium montmorillonite. In our oxidation process, the highest conversion of R-(+)-limonene was obtained at the temperature of 100 o C and it amounted to about 90% mol after 24-48 h of reaction performing (Fig. 11) . At all studied temperatures the conversion of hydrogen peroxide reached almost 100 mol% (Fig.  12) . At all studied temperatures the main product of R-(+)-limonene oxidation was (1,2-8,9 )-diepoxide of R-(+)-limonene. The selectivity of this diepoxide product at the temperature of 40 o C changed from 48-45%
Oxidation of R-(+)-limonene
The peaks are not present in the XRD pattern if compound is amorphous or particles are too small to result in Bragg diffraction. The compound of Fe can not be identifi ed because the main peaks of Fe compound are similar to peaks of montmorillonite like in magnetite (JCPDS: 89-0951). The N 2 -sorption isotherm of MMT is presented in Figure 7 .
The N 2 -sorption isotherm shows a type IV isotherm with H 2 hysteresis loop at relative pressure range, p/p 0 0.4-1. Based on the shape of N 2 adsorption isotherm mesoporous nature of catalyst can be assumed. A sharp fall of the desorption branch at p/p 0 0.47-0.53 was observed that are because to the sudden emptying of N 2 from the internal layers of sorbent structure. The BET surface area of catalyst was found to be 39 m 2 /g with a pore volume of 0.109 cm 3 /g. There were no micropores. The main pore diameter was about 5.5 nm (Fig. 8) .
The SEM image of the catalyst (Fig. 9) showed a face-to-edge contact between the fl ake-shaped particles with a random orientation. No formation of domains (group of particles that act as a unit) or clusters (group of domains that act as a unit) was observed. formed with lower selectivities. The lowest selectivities were observed for carvone. Figure 17 shows reactions of R-(+)-limonene which proceeded during isomerization of R-(+)-limonene over sodium montmorillonite as catalyst. This scheme illustrates the complexity of the limonene isomerization mechanism. In our isomerization studies the main product was p-cymene. The selectivities of products of isomerization of R-(+)-limonene are shows in Figure 18 . The selectivity of p-cymene at temperatures of 140-180°C was about 50 mol%. At lower temperatures, R-(+)-limonene is isomerized with higher selectivity to terpinolene (with the selectivity of about 30 mol%), this may mean that the reaction temperature is a major determinant of the reaction rate. Reaction temperatures above 180 o C after 6 hours lead to signifi cant amounts of polymeric products resulting in lowered selectivity for valuable monoterpenes.
Isomerization of R-(+)-limonene
The R-(+)-limonene conversion (Fig. 19 ) increased with temperature, reaching the maximum value (100 mol%) at the temperature of 160°C after 6 h. At temperatures above 160 o C after 6 hours, signifi cant amounts of byproducts having higher molecular weights were formed (with the selectivity of about 40 mol%). Further studies should investigate the progress of the reaction at lower temperatures, thereby reducing the number of polymeric products. Generally, the main product during our studies on oxidation of R-(+)-limonene over MMT was (1,2-8,9 )-diepoxide. During by-products the main by-product was perillyl alcohol. Carveol and 1,2-epoxylimonene were
CONCLUSIONS
Montmorillonite was very active catalyst in processes of oxidation of R-(+)-limonene with H 2 O 2 and in the process of isomerization of R-(+)-limonene. In our studies, were obtained very important compounds as the main products ( (1,2-8,9)-diepoxide of limonene in the process of oxidation and p-cymene in the process of isomerization) which have many applications in cosmetic and pharmaceutical industry. Also by-products of both processes have many valuable applications.
The presented studies are only preliminary studies which should be continued. Both presented processes used renewable raw material -limonene and catalyst of natural origin, thus both processes are environmentally friendly, low cost and thus have perspectives of developing and implementation in organic chemistry plants. The next step should be studies on the infl uence of appropriate parameters on the course of this process. Especially, increasing of the selectivity of (1,2-8,9)-diepoxide of limonene and perillyl alcohol will be benefi cial.
LITERATURE CITED
